S-Nitrosothiols, a class of NO donors, demonstrate potential benefits for cardiovascular diseases. Drugs for such chronic diseases require long term administration preferentially through the oral route. However, the absorption of S-nitrosothiols by the intestine, which is the first limiting barrier for their vascular bioavailability, is rarely evaluated. Using an in vitro model of intestinal barrier, based on human cells, the present work aimed at elucidating the mechanisms of intestinal transport (passive or active, paracellular or transcellular pathway) and at predicting the absorption site of three S-nitrosothiols: S-nitrosoglutathione (GSNO), S-nitroso-N-acetyl-L-cysteine (NACNO) and S-nitroso-N-acetyl-D-penicillamine (SNAP). These S-nitrosothiols include different skeletons carrying the nitroso group, which confer different physico-chemical characteristics and biological activities (antioxidant and anti-inflammatory). According to the values of apparent permeability coefficient, the three S-nitrosothiols belong to the medium class of permeability. The evaluation of the bidirectional apparent permeability demonstrated a passive diffusion of the three S-nitrosothiols. GSNO and NACNO preferentially cross the intestinal barrier though the transcellular pathway, while SNAP followed both the trans-and paracellular pathways. Finally, the permeability of NACNO was favoured at pH 6.4, which is close to the pH of the jejunal part of the intestine. Through this study, we determined the absorption mechanisms of S-nitrosothiols and postulated that they can be administrated through the oral route.
Introduction
Nitric oxide (NO) is a gaseous mediator with a short half-life (less than 5 s [1] ). Due to its radical nature and oxidative activity, NO is involved in various signalling pathways among different cellular types and physiological systems. NO is continuously synthesised by oxydoreductases, i.e. the three endothelial, inducible or neuronal isoforms of NO synthases. The decrease in NO bioavailability, linked to vascular endothelium dysfunction and oxidative stress, plays a major role in ageing and cardiovascular chronic diseases like atherosclerosis, angina pectoris and stroke. As a result, the restoration of NO bioavailability, using among NO donors the physiologically occurring S-nitrosothiols, is a therapeutic key to treat cardiovascular diseases [2] [3] [4] [5] [6] [7] . S-Nitrosothiols are formed by S-nitrosation -i.e. formation of a covalent bond between NO and a reduced thiol function of a cysteine residue belonging to high or low molecular weight proteins or peptides. In vivo, S-nitrosothiols like S-nitrosoalbumin, S-nitrosohemoglobin and S-nitrosoglutathione (GSNO) are the physiological forms of NO storage and transport [8] .
Indeed, the formation of the S-NO bond extends NO half-life from 45 min up to several hours [9] [10] and limits the oxidative/nitrosative stress induced by NO oxidation into peroxynitrite ions (ONOO -) [11] .
intestinal absorption of GSNO and other S-nitrosothiols. Only Pinheiro et al. [17] demonstrated that oral administration of nitrite and nitrate ions (stable NO derived species) to rats increased the concentration of circulating S-nitrosothiols, thus produced antihypertensive effects. This study indirectly proves the intestinal absorption of S-nitrosothiols without elucidated the underlying mechanisms. However, the understanding of the intestinal absorption mechanisms of S-nitrosothiols is a prerequisite to control the dose and the kinetic of NO reaching its action sites.
To predict the intestinal absorption of drugs, the Biopharmaceutical Classification System (BCS) [18] defines four classes based on the physico-chemical properties (solubility) and intestinal permeability of drugs. The intestinal permeability of a drug is characterised, using in vitro or ex vivo models, by apparent permeability coefficient (Papp) from low permeability (< 1 × 10 −6 cm.s ) including also a medium permeability class [19] . Thus far, only one of our studies was interested in the improvement and the prolongation of GSNO intestinal absorption by proposing alginate/chitosan nanocomposite formulation [20] . Using an in vitro intestinal barrier model of differentiated Caco-2 cells, we showed low intestinal permeability for GSNO with a Papp of 0.83 × 10 −7 cm.s ) even if GSNO stayed in the low class of permeability [20] . This study showed the ability for GSNO to cross the intestinal barrier model and the possibility to modulate its kinetics of absorption. This opens new therapeutic applications in the treatment of chronic pathologies linked to a decrease of NO bioavailability.
Intestinal absorption of low molecular weight molecules is mainly driven by their physico-chemical properties such as lipophilicity, correlated with the octanol/water partition coefficient, expressed as a logarithmic value (log P), and the ionisation constant (pKa). For S-nitrosothiols, the log P value is driven by the skeleton carrying NO. GSNO, NACNO and S-nitroso-N-acetyl-D-penicillamine (SNAP), the three main S-nitrosothiols described in the literature, are characterised by calculated log P value of −2.70, −0.47 and 1.08, respectively [2] . The skeleton carrying NO presents also different therapeutic properties linked with its chemical structure. GSNO is a physiological S-nitrosothiol [21] , present in the cytosol at a high concentration especially in erythrocytes [22] , platelets and cerebral tissue. Its reduced glutathione (GSH) skeleton shows an antioxidant chemical structure thanks to its thiol functional group and forms, with the glutathione disulphide (GSSG), the intracellular redox buffer. NACNO and SNAP are synthetic S-nitrosothiols. NACNO with its N-acetyl-L-cysteine (NAC) skeleton possesses also an antioxidant activity in accordance with its chemical structure (thiol function). Furthermore, NAC is already used in human medicine as a mucolytic agent (oral administration) or as the antidote in acetaminophen intoxication [23] . SNAP shows in addition to its antioxidant properties (thiol function), an anti-inflammatory skeleton, N-acetyl-D-penicillamine (NAP) is used in the treatment of Wilson's disease (Trolovol®) and rheumatoid arthritis.
In this study, using an in vitro cell model of intestinal barrier, we propose to elucidate the intestinal transport mechanisms of S-nitrosothiols and NO in relation to their physico-chemical properties. Three different conditions were studied, i) permeability from the apical to the basolateral compartment, ii) permeability from the basolateral to the apical compartment to highlight an active transport such as drug influx/efflux, or a passive diffusion, and iii) permeability from an acidified apical compartment, mimicking the luminal intestinal pH of the jejunum, the major site of amino acid absorption [24] .
Material and methods

Material and reagents
Eagle's Minimum Essential Medium (EMEM), foetal bovine serum (FBS), sodium pyruvate, penicillin 10 000 U. 
S-Nitrosothiols synthesis
GSNO, NACNO and SNAP were synthesised according to a previously described method [25] . Briefly, GSH, NAC or NAP were incubated with one equivalent of sodium nitrite under acidic condition. Then, the pH was shifted to 7.4 using a phosphate buffered saline (PBS 0.148 M) solution. The final concentration was assessed by UV-Vis. spectrophotometry (Shimadzu; UV-spectrophotometer; UV-1800) using the specific molar absorbance of the S-NO bond at 334 nm for GSNO and NACNO (ε GSNO 
) and at 340 nm for SNAP (ε SNAP = 1020 M −1 cm
).
Caco-2 cells culture and cytocompatibility
Intestinal Caco-2 cells (ATCC® HTB-37™) from passage 36 to 45 were grown in complete medium consisting of EMEM supplemented with 10% (v/v) of FBS, 4 mM of glutamine, 100 U/mL of penicillin, 100 U/mL of streptomycin, 1% (v/v) of non-essential amino acids. Cells were cultivated at 37°C under 5% CO 2 (v/v) in a humidified incubator. Caco-2 cells were seeded in 96-wells plates at 2 × 10 4 cells/well 24 h before experiment. They were then exposed to each S-nitrosothiol (from 10 to 100 µM) for 24 h at 37°C, complete medium being used as control. Cytocompatibility was assessed through metabolic activity with the 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The absorbance of extracted formazan crystals was read at 570 nm with a reference at 630 nm (EL 800 microplate reader, Bio-TEK Instrument, Inc®, France). Metabolic activity in control condition was considered as 100%.
Intestinal permeability of reference molecules and S-nitrosothiols
Caco-2 cells were seeded at 2 × 10 6 cell/cm 2 on cell culture inserts (Transwell®, Corning, USA, membrane with 0.4 μm pore size, 1.12 cm 2 area or 4.97 cm 2 ) disposed in a 12-wells or 6-wells plate, respectively.
The complete medium was replaced every two days during the first week of cell proliferation. During the second week, the medium was replaced every day until the differentiated cell monolayer was formed (14-15 days). The formation of the barrier was followed by transepithelial electrical resistance (TEER) measurement using a Millicell®-Electrical Resistance system (Millipore, USA) and validated for TEER values higher than 500 Ω.cm 2 . The bidirectional permeability of each S-nitrosothiol across the Caco-2 monolayer was evaluated from the apical to basolateral (A-B) compartment, mimicking physiological permeability conditions (intestinal lumen to blood compartment), and from the basolateral to the apical (B-A) ( The concentration of S-nitrosothiols used to study the permeability in each direction was the same (100 µM). Since the apical and the basolateral compartments have different volumes (0.5 and 1.5 mL, respectively), the initial amounts of S-nitrosothiol for A-B and for B-A permeability studies were 50 and 150 nmol, respectively. NaNO 2 treatment (100 µM) was used as a positive control for nitrite ions permeability. The bidirectional permeability of propranolol (50 µM) and furosemide (100 µM), two reference molecules belonging to the high and low permeability class, respectively, was also assessed to surround the permeability of S-nitrosothiols [26, 27] and to validate our model faced to the literature. Permeability tests were conducted during 4 h under orbital shaking (500 rpm) at 37°C. In the acceptor compartment, S-nitrosothiols were considered as RSNO because the R skeleton carrying NO cannot be identified by the methodology of quantification used. Reference molecules as well as NOx species (RSNO, nitrite ions and nitrate ions) were quantified after 1 h (entire volume of acceptor compartment removed) in the acceptor compartment and after 4 h in both compartments (for methodologies, see Sections 2.5. and 2.6.). RSNO and nitrite ions were also quantified inside the cells after 1 h and 4 h of permeability study.
At the end of the study, the integrity of the intestinal cell monolayer was checked by measuring the TEER value and the permeability of sodium fluorescein (5 μM), a marker of low paracellular permeability. A TEER value higher than 300 Ω.cm 2 as well as a 5% of fluorescein permeability validated the integrity of the intestinal monolayer at the end of the experiment [28, 29] .
Quantification of S-nitrosothiols, nitrite and nitrate ions
S-Nitrosothiols and nitrite ions were immediately quantified using a fluorimetric method [30] with standard curves of GSNO and sodium nitrite, respectively (Table 1) . Briefly, N 2 O 3 generated from acidified nitrite ions reacts with DAN in the presence (for RSNO) or absence (for nitrite ions) of HgCl 2 producing 2,3-naphthotriazole that emits fluorescence at 415 nm after excitation at 375 nm (JASCO FP-8300, France). Nitrate ions quantification, using a standard curve of sodium nitrate included a reduction step to nitrite ions by reacting with nitrate reductase and its cofactors before the addition of DAN reagent (fluorimetric kit nitrite/nitrate Cayman Chemical) ( Table 1 ). The concentration of nitrite ions (DAN assay) was subtracted from the value obtained by DAN-Hg 2+ quantification to obtain the RSNO concentration and from the nitrate reductase quantification to obtain the nitrate ions concentration. The cumulative amounts of RSNO, NO 2 -and NO 3 -crossing the Caco-2 monolayer were calculated from the concentrations measured at 1 h and 4 h of the permeability studies in the acceptor compartment.
For intracellular quantifications, cells were lysed in 50 mM Tris buffer pH 6.8 added with 150 mM of NaCl, 1% of Igepal CA-630 (v/v), 0.1% of SDS (v/v), 1 mM of EDTA, 0.1 mM of neocuproine, 20 mM of sodium tetraborate and 10 mM of NEM.
Quantification of furosemide and propranolol
This procedure was adapted from [31] [32] [33] for propranolol and from [34] for furosemide. Briefly, the separation was performed on a C18 analytical column (Macherey-Nagel LiChrospher RP 18e; 5 µm; 125 × 4 mm) eluted with a mobile phase composed of acetonitrile added with 14 mM triethylamine in water buffered with orthophosphoric acid, pH 2. 
dQ/dt (mol.s −1 ) refers to the permeability rate of reference molecules, RSNO or NOx species (mol) in the acceptor compartment at the time (s) of quantification, A (cm 2 ) refers to membrane diffusion area, and C 0 (mol.mL-1 or mol.cm −3 ) refers to the initial concentration in the donor compartment.
Recovery rate
Mass balance was calculated as the addition of the amount of drug recovered in the acceptor compartment after each interval and in the donor compartment at the end of the experiment.
Statistical analysis
Results are shown as mean ± standard deviation (SD), based on 3 or 4 independent experiments in duplicate. Values were compared with one-way ANOVA (treatments) or two-way ANOVA (treatment and time) followed by a Bonferroni's post-test using the Graphpad Prism 5 software; p < 0.05 was considered as statistically significant. Statistics are analysed excluding NaNO 2 treatments, which too high permeability values interfered with the statistical comparison of S-nitrosothiols.
Results
Cytocompatibility
Cell viability was not affected by any of the S-nitrosothiols presently tested and NaNO 2 , with more 80% of viability independently of the concentration used (Fig. 2) . For all the forthcoming experiments, a concentration of 100 µM of each S-nitrosothiol will be safely used.
3.2. S-Nitrosothiols permeability from the apical to the basolateral compartment S-Nitrosothiols permeation through the intestinal barrier model, evaluated in the A-B direction, showed the same profile for each treatment (GSNO, NACNO and SNAP) (Fig. 3) . Each S-nitrosothiol (treatment) was permeated under three different chemical species. The RSNO form (Fig. 3A) was less permeated (0.50% ± 0.14% of the initial amount deposited in the donor compartment) than the NO 2 -(the first stable oxidation degree of NO in aqueous media) and NO 3 -ionic forms (4.8% ± 1.9% and 7.9% ± 2.4% of the initial amount, respectively). The NACNO treatment led to a higher permeation under the RSNO form than the GSNO and SNAP treatments (Fig. 3A) . The duration of the study has no impact on the permeability of each treatment under the RSNO form while the permeability under the nitrite ions and nitrate ions (the oxidation product of nitrite ions) forms depended on time ( Fig. 3B and 3C, p time < 0.05) and on the treatment. Indeed, the NACNO treatment induced a higher absorption of NO 2 -(and NO 3 -) ionic forms than the GSNO and the SNAP treatments (Fig. 3B) . The NaNO 2 treatment led to the permeability of the two ionic species only (Fig. 3) . The permeability under the NO 2 -form was time dependent and 30% higher than the permeability of each S-nitrosothiol treatment under NO 2 -form (Fig. 3B) . The permeability under the nitrate ionic form ( Results are shown as mean ± SD of four independent experiments done in duplicate and are compared using two-way ANOVA (p treatment (GSNO, NACNO, SNAP; excluding NaNO 2 ), p time (1h, 4 h) and p interaction ). * vs. GSNO at the same time; p < 0.05 (Bonferroni's multiple comparisons test). nitrosothiols remained in the apical compartment for the GSNO and SNAP treatments, and only 10% for the NACNO treatment (Fig. 4A) . Furthermore, the NACNO treatment led to a higher amount of nitrite ions remaining in the apical compartment compared to the GSNO and SNAP treatments (Fig. 4B) , suggesting a higher degradation of NACNO into NO 2 -. Non-permeated nitrate ions amounts were around 23% for each treatment (Fig. 4C ). The NaNO 2 treatment was still presenting 41% of non-permeated nitrite ions after 4 h (Fig. 4B ) and lower spontaneous oxidation into nitrate ions (4%) within the apical compartment compared to S-nitrosothiol treatments (Fig. 4C) . Finally, the calculation of the mass balance (addition of all species quantified in the two compartments) after 4 h of permeability study, showed 83 ± 16% to 106 ± 13% of recovery for GSNO, SNAP and NaNO 2 (Table 3) . Nevertheless, the NACNO treatment showed a loss of 23% of the initial amount deposited in the apical compartment. This missing can be trapped inside the cell monolayer, so cells were lysed and only RSNO and nitrite ions were quantified. Indeed, due to intracellular reducing power [35] , the nitrate ions cannot exist inside cells. Quantities of RSNO found inside the cells were higher for S-nitrosothiol treatments than for the NaNO 2 treatment (Fig. 5A) . This was the opposite for the NO 2 -intake (Fig. 5B) . For each S-nitrosothiol treatment, the intracellular incorporation of the RSNO form was higher than the nitrite ions form. Intracellular quantity of the RSNO form depended on the S-nitrosothiol chemical structure (p treatment < 0.05) with the lowest incorporation obtained for the SNAP treatment (< 2% of the initial amount) (Fig. 5A ). Intracellular incorporation of nitrite ions was independent on time and treatments (Fig. 5B) . For intracellular quantification, the surface area of cells was increased 4.17 times (from 1.12 to 4.67 cm 2 ) in order to be able to quantify NOx species inside the cells. So, the intracellular amounts of RSNO and NO 2 -form were divided by 4.17 to calculate the mass balance ( Table 2 ). The intracellular incorporation of RSNO and NO 2 -represented only 1.1%, 1.0% and 0.4% of the initial amount, for the GSNO, NACNO and SNAP treatments, respectively. Therefore, 22% of the initial amount are still missing for the NACNO treatment.
S-Nitrosothiols permeability from the basolateral to apical compartment
In order to determine the permeability modality (passive vs. active) for each S-nitrosothiol, the study was carried out in the opposite direction, from the basolateral to the apical compartment.
In this condition, the permeability of the RSNO form (Fig. 6A ) was only dependent on time for each S-nitrosothiol treatment. The permeability of the NO 2 -and NO 3 − ionic forms was dependent on time and treatment ( Fig. 6B and 6C ). Higher amounts were permeated under the NO 2 -ionic form for the NACNO and SNAP treatments (≈ 3% of initial amounts) compared to the GSNO treatment (1.2% of initial amount, Fig. 6B ). As in the experiments performed from the apical to the basolateral compartment (Section 3.2), NO 2 -and NO 3 -were the major permeated species. For each S-nitrosothiol treatment, the Papp values in both directions (apical to basolateral versus basolateral to apical) were equivalent (Tables 2 and 4) , the S-nitrosothiols intestinal permeability can be postulated as a passive diffusion [36] . This postulate is also based on the validation of our intestinal barrier model comparing the Papp values of reference molecules with the literature [19] . Propranolol with equivalent bidirectional Papp values follows a passive diffusion whereas furosemide with a higher Papp value from basolateral to apical than from apical to basolateral, follows an active efflux transport.
After 4 h of permeability study, 95% of the initial amount (150 nmol) of each S-nitrosothiol treatment remained unpermeated (Fig. 7) . The amounts of unpermeated NO 2 -ions (Fig. 7B) were the only form that depended on S-nitrosothiol chemical structure (p treatment = 0.0344). As S-nitrosothiols are separated from cells by the porous membrane of the device, they cannot be metabolised by cell membrane enzymes showing the great importance of S-nitrosothiol metabolism in their permeability. Furthermore, the high amount of remaining RSNO form (Fig. 7A) attested from the stability of each Snitrosothiol in our operating conditions. This also showed that the degradation of S-nitrosothiols into ionic forms observed in the apical to basolateral permeability study (Fig. 4 ) was due to cell membrane enzymes activity. Finally, the study of Snitrosothiols permeability from the basolateral to the apical compartment showed a mass balance of 100% for each S-nitrosothiol treatment (Table 5) .
Influence of the apical pH on S-nitrosothiols permeability
The principal site of absorption of small molecules including peptides and amino acids is the jejunum part of the intestine, which physiological pH ranges from 6 to 7. In order to study the permeability of Snitrosothiols close to physiological conditions, the pH of the apical compartment mimicking the intestinal lumen was shifted of one log from pH 7.4 to pH 6.4. pH acidification has no impact on propranolol and furosemide permeability [27] , so the experiment was not performed.
At pH 6.4, the permeability of each S-nitrosothiol under the RSNO and the ionic forms (Fig. 8) followed the same profile than at pH 7.4 ( Fig. 3) . However, the NACNO treatment showed a 7 times increase of permeability under the RSNO form (Fig. 8A ) compared to pH 7.4. The NaNO 2 treatment showed a permeability under the RSNO form (Fig. 8A ) and a large (10 times at 1 h and 20 times at 4 h) increase of the permeability under the NO 3 -form (Fig. 8C) . So, at pH 6.4, the Papp values of NOx species and RSNO form rose for the NaNO 2 treatment (Table 6 ) compared to pH 7.4 ( Table 2 ).
The Papp values at pH 6.4 (Table 6 ) maintained each S-nitrosothiol in the medium class of permeability for NOx species and in the low permeability class for the RSNO form. However, the Papp value of the NACNO treatment under the RSNO form increased from 0.21 ± 0.08 × 10 −6 cm.s −1 (Table  2) at pH 7.4 to 0.9 ± 0.7 × 10 −6 cm.s −1 at pH 6.4, bringing NACNO close to the medium permeability class (from 1 to 10 × 10 −6 cm.s
, [19] ). The distribution of non-permeated species remaining in the apical compartment after 4 h of permeability at pH 6.4 ( Fig. 9 ) was similar to that at pH 7.4 (Fig. 4) .
The absorption of S-nitrosothiols from the apical compartment at pH 6.4 to the basolateral compartment at pH 7.4 presented a mass balance from 58% to 78% of the initial amount (Table 7) .
Discussion
The human intestinal barrier model based on Caco-2 cells is widely used in the pharmaceutical industry to determine the parameters of intestinal permeability of new drugs. The results obtained depend mainly on cell culture parameters (time, medium and age [29] ). In the present study, we validated our conditions using two reference molecules, i.e. and 41.90 × 10 −6 cm.s −1 [26, 27] belongs to the high permeability class, and furosemide, with a Papp value varying from 0.04 × 10 −6 to 0.11 × 10 −6 cm.s −1 [26, 37] belongs to the low permeability class.
Such a low permeability for furosemide was attributed to an efflux Results are shown as mean ± SD of four independent experiments done in duplicate and are compared using one-way ANOVA (excluding NaNO 2 ).
Table 5
Mass balance for each tested treatment (initial amount 150 nmol) after 4 h of permeability from the basolateral to the apical compartment. Mean ± SD of four independent experiments done in duplicate. driven by the intestinal P-glycoprotein to the luminal direction [38] .
The Papp values for propranolol (24.4 × 10 −6 cm.s ) obtained using our intestinal barrier model confirm the already published values and probably attest for the presence and activity of the P-glycoprotein in this model.
S-Nitrosothiols are NO donors allowing the release of NO with a relative short half-life (within a few hours) [2] . Thereby, in aqueous medium, NO is spontaneously and quickly oxidized into nitrite and nitrate ions. So, it is mandatory to study the intestinal permeability of these ionic species as well as the permeability of the RSNO form to evaluate the bioavailability of NO in the blood stream after oral administration. In the present study, each S-nitrosothiol increased their permeability following time, in each of the three proposed conditions (apical to basolateral compartments at pH 7.4 direction, opposite direction, apical compartment at pH 6.4 to basolateral compartment at pH 7.4).
The study of S-nitrosothiols permeability from the compartment mimicking the intestinal lumen (apical compartment) to the compartment mimicking the lumen of blood vessels (basolateral compartment) revealed a weak absorption of each S-nitrosothiol treatment under the RSNO form compared to the ionic species, which are the major absorbed species (Fig. 10A) . In a general point of view, the ionic species are more absorbed by the intestine than the neutral molecules. Indeed, specific ionic transporters such as the Organic Cation Transporters (OCT) and the Zwitterion Transporters (OCTN), implied in the absorption of Na + and Ca 2+ , are expressed within the intestinal tissue and
Caco-2 cells [39, 40] .
The Papp values of all permeated species placed each S-nitrosothiol studied within the medium permeability class for NOx species, class that was surrounded by our two reference molecules (propranolol and furosemide). The Papp value was the same for each S-nitrosothiol even if they presented different physico-chemical properties with a higher hydrophilicity for GSNO than SNAP [2] . In this way, the physico-chemical properties of the skeleton (R) carrying the nitroso group are not prevalent for the intestinal permeability of the S-nitrosothiols. The mass balance within both compartments allowed a recovery of 100% of the initial amount deposited for the SNAP treatment. The small missing amount for the GSNO treatment was recovered by the intracellular quantification, rising the mass balance to almost 100%. However, the NACNO treatment showed a mass balance of 75%, which was not completed to 100% after intracellular quantification.
The amount of NOx species found inside the cells was higher for the GSNO treatment than for the SNAP treatment, with the NACNO treatment situated between each other. SNAP promotes drug intestinal absorption [41] by opening tight junctions without affecting barrier integrity. Indeed, SNAP increases insulin rectal absorption, transepithelial transport of fluorescein sulfonic acid (low absorbable molecule) [41, 42] and macromolecules absorption through the intestine by the reversible opening of tight junctions [41, 43, 44] and a thickening of ileal mucosal membrane [45] . So, in our study, paracellular absorption of SNAP can be speculated. GSNO and NACNO were partially absorbed via a transcellular pathway. The mass imbalance observed for the NACNO treatment can be attributed to its higher metabolism within the apical compartment. Moreover, the metabolism of each S-nitrosothiol was abolished in the donor compartment when studying the permeability from the basolateral to the apical compartments. This phenomenon is a proof of the intestinal barrier orientation with a brush border including metabolic enzymes like redoxins and gamma-glutamyl transferase [46] , faced to the apical compartment, and a basal lamina without any metabolic activity faced to the basolateral compartment. Results are shown as mean ± SD of three independent experiments done in duplicate and are compared using two-way ANOVA (p treatment (GSNO, NACNO, SNAP; excluding NaNO 2 ), p time (1h, 4 h) and p interaction ). * vs. GSNO; # vs. SNAP at the same time; p < 0.05 (Bonferroni's multiple comparisons test).
Table 6
Values of apparent permeability coefficient (Papp) for NOx species (RSNO + NO 2 -+ NO 3 -) and the RSNO form after 4 h of permeability study from the apical compartment (pH 6.4) to the basolateral compartment (pH 7.4). Mean ± SD of three independent experiments done in duplicate. 207.0 ± 37.9 7.7 ± 6.5
The equal Papp values obtained permeability studies from the apical to the basolateral compartments and permeability studies from the basolateral to the apical compartments revealed that the absorption of S-nitrosothiols is driven by a passive diffusion through the intestinal barrier (Fig. 10B) . This transport modality excluded the participation of all transport systems and energy consumption in the permeability of Snitrosothiols [47] . In that way, S-nitrosothiols permeability may be improved using pharmaceutical formulations, which are aimed at opening tight junctions and increasing the local concentration and the residence time of the molecule.
Finally, the acidification (pH 6.4) of the apical compartment to mimic the physiological condition of the jejunum part of the intestine (Fig. 10C) showed a permeability dependent on the S-nitrosothiol treatment. The very low permeability of the RSNO form for the NACNO treatment at pH 7.4 was multiplied by ten at pH 6.4. However, this favoured permeability of NACNO seemed to be related neither to the lipophilic balance -as NACNO showed a log P intermediate between GSNO and SNAP -nor to the ionization state -as the isoelectric point (pI) of NACNO is intermediate (3.24) between GSNO and SNAP (4.8 and 4.85, respectively) and far away from the studied pHs. As the thiol functions are blocked by NO, their pKa values are not involved in the pI of the S-nitrosothiols. However, it may be involved in the stability of the S-NO bound, e.g the S-nitrosocysteine (cysNO) is less stable than GSNO due to a lower pKa of the thiol function of the cysteine residue. The permeability of the RSNO form for the NaNO 2 treatment suggested that pH 6.4 favoured the formation of RSNO starting from NO 2 -. This can also be postulated for all the experiments where permeability of the RSNO forms was observed. However, the formation of RSNO following the NaNO 2 treatment should certainly occur thanks to intracellular thiols, which are the only available source of thiol in the experimental system. This phenomenon will lead to cell thiol depletion, which will induce tolerance at it was already seen in clinics for organic nitrate treatments [48] . However, our experiments showed that S-nitrosothiol treatments bringing the thiol function itself, won't induce thiol depletion neither tolerance phenomenon. Furthermore, Pinheiro and coworkers demonstrated that oral administration of nitrite ions allowed the formation of RSNO in the stomach leading to an increased plasma RSNO concentration [17] . Our work precises that the formation of RSNO may also occur in the jejunum part of the intestine at acidic pH.
Finally, according to the BCS, S-nitrosothiols can be classified between class I and class III, regarding their high solubility and medium permeability. From Le Ferrec et al. [49] , the result obtained in vitro with high permeability molecules (class I and class II) can be easily transposed to in vivo intestinal absorption unlike results obtained for low permeability molecules (class III and class IV). So, the S-nitrosothiols included in the medium class of permeability can be considered as drugs suitable for oral administration. Thereafter, it would be interesting to study the permeability of S-nitrosothiols in the presence of albumin in the basolateral compartment to mimic the blood stream compartment [50] . Furthermore, albumin including a free reduced cysteine residue in position 34 will increase the amount of RSNO found in the basolateral compartment through S-nitrosation process.
In conclusion, our study suggested that S-nitrosothiols can be administrated by the oral route to be absorbed at the intestinal level, mainly in the jejunum part. The passive diffusion of S-nitrosothiols under three different kinds of species such as nitrite and nitrate ions and the RSNO form was demonstrated using a model of human intestinal barrier. The permeation of the RSNO species will improve the interest for S-nitrosothiols oral administration compared to nitrite ions. Indeed, S-nitrosothiols would not deplete the intracellular stock of reduced thiols. Even if S-nitrosothiols are good candidates for NO oral supplementation, they will need appropriate protection from enzymatic degradation using nanotechnologies [20, [51] [52] [53] . Results are shown as mean ± SD of three independent experiments done in duplicate and are compared using one-way ANOVA (excluding NaNO 2 ). * vs. GSNO; # vs. SNAP at the same time; p < 0.05 (Bonferroni post-test).
Table 7
Mass balance for all tested treatments (initial amount 50 nmol) after 4 h of permeability from the apical compartment at pH 6.4 to the basolateral compartment at pH 7.4. Mean ± SD of three independent experiments done in duplicate. 
